The coupling of multiple plasmonic resonators that sustain bright or dark modes provide intriguing spectral signatures. However, probing the onset of coupling effects while engaging the resonators with an increasing proximity has not yet been studied experimentally in detail. Nevertheless, this is of utmost importance to bridge the phenomenological understanding with the peculiarities of realworld-samples. Here, we take advantage of the ability to control spatial dimensions of THz metasurfaces deep in the sub-wavelength domain to study different regimes that occur while coupling split-ring-resonators that sustain a bright and a dark mode with increasing strength. We identify the length scales at which the resonators are uncoupled and then enter the regimes of weak, moderate, and strong coupling. It is shown that a strong coupling takes place only at distances smaller than one hundredth of the resonance wavelength. Understanding the features that emerge from such hybridization is important to take advantage of fundamental effects in metamaterials such as classical analogs of electromagnetically induced transparency, lasing spaser, near-field manipulation, and sensing with dark mode resonances. V C 2014 AIP Publishing LLC. Metasurfaces are thin films of artificially structured materials with unusual but highly beneficial electromagnetic properties.
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1,2 These properties are provided at user-defined frequencies while relying on periodically or amorphously arranged unit cells with critical dimensions smaller than the operational wavelength.
2 While relying on unit cells, usually dubbed as meta-atoms that do provide an electromagnetic response that deviates from an ordinary electric dipole, properties inaccessible with naturally occurring materials fall within reach.
3-6 A canonical meta-atom in this stream of research is the split-ring-resonator (SRR) but many others can be considered as well. The key to tailor all anticipated properties upon demand is the ability to control the design and the geometrical detail of these meta-atoms with high precision.
However, spectral properties with an even larger sophistication fall within reach while considering unit cells that consist of multiple coupled meta-atoms. These advanced unit cells are called metamolecules in analogy to metaatoms. A basic categorization of metamolecules can be made while considering designs for which the coupling is enforced by electromagnetic fields. [7] [8] [9] [10] [11] [12] [13] [14] [15] Recently, there have been several works where near-field coupling among metaatoms was investigated that sustain a bright and a dark mode. [8] [9] [10] 14, 15 The term bright and dark mode refers here to the ability to excite a particular resonance with the given polarization of the illumination if the individual metaatoms that form the metamolecule are uncoupled. These laterally coupled resonators lead to fascinating effects such as classical analogs of electromagnetically induced transparency and slow light. 9 However, the critical length-scales at which the onset of near-field coupling between bright and dark mode occurs has not been extensively studied; but in most cases only a single unit cell has been considered. This, however, is insufficient if a basic phenomenological description of the effects shall be linked to real-world samples. Thus, it is necessary to fully understand the near-field interactions effects of the two resonators in order to develop an understanding of how strong the coupling actually is. Moreover, being in the position to set-up on purpose, a weak or a strong coupling regime will allow in the near future to transpose much more effects that concern the light-matter interaction at the quantum level to plasmonic analogies.
Therefore, in this work, we bridge this gap of physics and study the typical length scales at which the near-field coupling between bright and dark mode resonators occurs. This shall lead to different levels of splitting of the involved resonance. To this end, we rely on laterally coupled, orthogonally twisted resonators in a unit cell of a planar terahertz metasurface and consider their fundamental (LC) resonance. Thus far, there are reports of different strategies in metamaterial research to achieve electromagnetic coupling. 6 near-field coupled metamaterials can involve electric coupling, 7, 12, 16 magnetic, 8, 10, 14, 17, [19] [20] [21] [22] [23] [24] [25] [26] as well as both electric and magnetic coupling. 9, [11] [12] [13] Resonance mode splitting in magnetically coupled system based on bright and dark resonators is demonstrated earlier in the context of weakly inductive and strongly conductively coupled cases. [8] [9] [10] 14, 15 The unit cell consists of two orthogonally twisted split ring resonators placed beside each other with varying inter-SRR distance d (see Fig. 1 ). According to the polarization of the incident excitation beam, we term the resonator that is directly excited by the incident electromagnetic field as bright. On the contrary, the resonator that can only be excited by the near-field of the bright resonator is called the dark resonator. Therefore, the SRR with the split gap aligned parallel to the incident electric field of the terahertz beam is termed as bright resonator, since its fundamental LC resonance can be excited. The neighboring orthogonally twisted resonator is the dark one as its fundamental LC resonance is inaccessible with the same polarization of the incident terahertz field. These neighboring bright and dark mode resonators within the unit cell are coupled through their electromagnetic near-fields. With large inter resonator distances, the coupling between the resonators is weak, leading to very small or no split of the fundamental resonance. In other words, the fundamental resonance of the dark resonator cannot be excited. As the resonators are brought closer, the near-field interaction increases, leading to the excitation of the fundamental resonance in the dark resonator. Since the fundamental LC resonance of the SRR is usually associated with a magnetic dipolar response, we consider the interaction as predominantly magnetic. However, it is worth to stress that the fundamental resonance is not only just characterized by the magnetic dipole moment (normal to the plane of the SRR) but also by an electric dipole moment (in the plane of the SRR and parallel to its base). Both of these moments generate electromagnetic fields, which can couple to the eigen modes sustained by the twisted SRR. The orthogonality of the modes is lifted and the coupling eventually is only possible by the slight asymmetry in the sample induced by the gap that is engraved into only one of the two bases of the SRR.
Numerical simulations clearly indicate a significant enhancement of induced electric field lines inside the dark resonator split gap along with the induction of circular surface currents in the dark resonator metallic arms. This fact confirms the excitation of the LC resonance mode within the dark resonator. We will categorize four regimes of interactions, depending on the inter resonator distances and the corresponding spectral splitting of the fundamental resonance. They are named as the no coupling regime, the weak coupling regime, the moderate coupling regime, and the strong coupling regime. These regimes are defined according to the spectral response of the coupled system when compared to that of the isolated bright resonator. If the spectral response of the coupled system largely resembles that of an isolated bright SRR, it is called uncoupled. If the shape and the strength of the individual resonances of the bright SRR starts to deviate but remains to be an isolated resonance, it is called the weak coupling regime. Moreover, if a minor spectral trace of a coupling tends to be visible in terms of a weak splitting, the regime is called the moderate coupling regime. And eventually, whenever the splitting is clearly visible, the regime is called the strong coupling regime. This classification should eventually be universal to all planar metamaterials where unit cells consist of multiple metaatoms.
The samples were fabricated on a 640 lm thick n-type silicon substrate through typical photo-lithography procedure and the SRRs were formed by using 200 nm thick aluminum as shown in Fig. 1 . Geometrical descriptions of the fabricated samples along with the optical microscope image are shown in Fig. 1(a) . The measurements were carried out using a typical 8f confocal photo-conductive based terahertz timedomain spectroscopy (THz-TDS) system. The polarization of the incident terahertz electric field is aligned parallel to the gap-bearing arm of the bright SRR.
The transmission spectra of five different sets of coupled bright and dark resonator based metamaterial samples were measured as shown in Fig. 2(a) , with separations of d ¼ 4 lm, 3 lm, 2 lm, 1 lm, and 0 lm, respectively. In the case of the sample with 0 lm separation between the bright and dark resonators in the unit cell, the fundamental LC resonance has the maximum splitting and the split resonances appear at 0.437 THz and 0.584 THz. For 1 lm inter resonator separation, split resonances appear at 0.456 THz and 0.548 THz. Similarly, for inter resonator separation of 2 lm (3 lm), the split resonances occur at 0.468 THz (0.478 THz) and 0.546 THz (0.544 THz), respectively. When resonators are separated by 4 lm, higher frequency split resonance is observed at 0.535 THz. The split resonance at lower frequency is not seen in the experiment due to the limited resolution (58.8 GHz) of the terahertz measurement set-up. The experimental transmission data have been further validated through finite integration technique numerical simulations using commercially available software, CST Microwave Studio as shown in Fig. 2(b) . In simulations, the metal conductivity value is 3.56 Â 10 7 S/m and substrate permittivity is 11.68 with loss tangent of 0.015. Minor differences between measurements and simulations could be attributed to the mismatch in dimensions of the actual fabricated sample and the simulated structure.
Figure 3(a) shows the LC resonance of a single bright resonator in the unit cell of the metasurface array, which we have chosen to highlight the nature of the resonance without any involvement of dark mode coupling in the unit cell (k LC ). We further observe in Fig. 3(b) that when the separation between the bright and dark modes is larger (>15 lm $ k LC /40), we only see the bright mode LC resonance without any signature of the dark mode excitation. These distances could be defined as the uncoupled regime. Only at distances <15 lm, we notice changes in the line shape of the bright mode that marks the onset of the dark mode excitation. Thus, we define the region between 10 lm and 15 lm as the weakly coupled regime. At distances between 5 lm and 10 lm, we observe a minor split in the LC resonance, thus we address this region as moderately coupled. The mode splitting becomes very clear at distances < 5 lm (k LC / 120). Thus, we define this length scale as the strong nearfield coupling zone. In the extreme near-field coupling regime at sub-micron distances (d < 1 lm $ k LC /600), the coupling between the bright and dark mode tends to be very strong and eventually becomes the strongest for distance of d ¼ 0 lm, where the resonators touch and become conductively coupled as compared in Fig. 3(c) . We have summarized the different coupling regimes in Fig. 4 , where the central horizontal line at 0.51 THz denotes the LC resonance of a bright single resonator and the dots above and below the central line shows the split resonances of a coupled bright and dark mode resonators. For the sub-micron proximity of the interacting bright and dark resonators, the magnetic coupling is strongest leading to the maximum separation between the split resonances.
The LC resonance mode originates in the coupled structure from the resonant electric currents oscillating around the circumference of the bright SRR resonator. [27] [28] [29] The oscillating current is induced by the incident electric field of the probing terahertz beam aligned parallel to the SRR gap arm of the bright resonator. The LC resonance is first excited in the bright SRR. The electromagnetic field generated around the bright SRR then excites the LC mode in the orthogonally twisted neighbouring dark SRR through the near-field inductive coupling. After the circular currents are set up in both the neighbouring resonators within the unit cell, the resonators couple to each other through their selfconsistent electromagnetic field, leading to resonance mode hybridization 30 which is reflected in clear splitting of the fundamental resonances. The separation between the split resonances indicates the extent of near-field interaction or coupling in between the resonators. In this coupled system, the LC resonance splits into two modes in which induced surface current densities oscillate out of phase at the lower asymmetric resonance frequency and in phase at the symmetric higher resonance frequency. 8, 10 We have further simulated the surface current and electric field profiles developed across the split ring resonators for several inter resonator separations at the lower frequency resonance dip. In (Fig. 5(e) ) along with minor development of electric fields inside the dark resonator split gap (Fig. 5(f) ). With the inter resonator distance reducing further to 1 lm, stronger surface current develops (Fig. 5(g) ) in the dark resonator with stronger electric field across the dark resonator split gap (Fig.  5(h) ). As the resonators are brought further closer with inter resonator separation at the sub-micron length scales, the surface current induced in the dark resonator increases steadily, as it is evident from Figs. 6(a), 6(c), 6(e), and 6(g). In Fig.  6 (e), we observe an anomalous antiparallel surface current between the closest arms of the two SRRs due to extreme near-field coupling case at a physical separation case of d ¼ 50 nm only at one particular phase instance. At other values of phase instances, we observe parallel currents in this case. For the corresponding strongly coupled cases, the electric field strength inside the dark resonator split gap undergoes gradual enhancement as shown in Figs. 6(b), 6(d), 6(f), and 6(h). When both the resonators are touching, the inter resonator coupling is the strongest which reflects in maximum strength of the surface current and intense electric fields in the dark resonator.
We have observed the onset and subsequent strengthening of the magnetic coupling between bright and dark mode resonators in metasurfaces where the constituent SRRs are near-field coupled. Our observations indicate that for resonators separated by large distances (d > k LC /40), the coupling is absent; therefore, fundamental resonance mode in dark resonator cannot be excited. As the inter resonator separation between the two SRRs decreases gradually, the fundamental resonance mode of the dark resonator is excited through weak (k LC /60 < d < k LC /40), moderate (k LC /120 < d < k LC / 60) and strong (d < k LC /120) coupling. We expect this coupling effect in metamolecules to be universal across all electromagnetic domains. The near-field coupling in metasurfaces would continue to play a significant role in design of lasing spasers, high quality factor sensors, and slow light devices based on classical analogs of electromagnetically induced transparency.
